This study aims to explore the possibility to apply intravoxel incoherent motion-magnetic resonance imaging (IVIM-MRI) in cardiac imaging.
Introduction
Magnetic resonance multi-b-value diffusion-weighted imaging (DWI) is an imaging technology based on the intravoxel incoherent motion (IVIM) theory. [1, 2] This technology can noninvasively reflect the diffusion of water molecules and microvascular perfusion in tissues without the use of contrast agents, accordingly avoiding the risk of allergy to contrast agents and gadolinium-related nephrogenic systemic fibrosis. [3] Multi-bvalue DWI was first used for brain imaging, and was gradually used for imaging other parts. [4] [5] [6] [7] In 2011, Rapacchi et al [8] used the low-b-value DWI sequence for heart scans in healthy volunteers, where the image signal-to-noise ratio and contrastto-noise ratio could also reach the diagnostic level. However, the application of high-b-value DWI remains difficult. The main reasons are as follows: The distortion of the image is severe. Due to respiratory movement and cardiac pulsation, the displacement of water molecules in the duration of the diffusion gradient leads to a serious loss of signal. The higher the b-value is, the more significant the loss of signal became. [9, 10] The quality of the echo planar imaging (EPI) image collected is low, which is mainly characterized by low signal-to-noise ratio.
The integrated slice-by-slice shimming (iShim) sequence is an improvement of the traditional EPI sequence. [11] Compared with the conventional single-shot spin-echo (ss-EPI) sequence, the advantages of iShim-EPI are as follows: it reduces the distortion of the image, in which the B0-Map is scanned before each slice is scanned, and B0-Map signal changes are used to correct the distortion of the EPI images, greatly improving the image distortion problem [12, 13] ; the corresponding b-value can be reasonably selected according to the requirements of the experiment, improving the accuracy of the D-value, D * -value, and F-value fitting [14, 15] ; the method of image acquisition is optimized, which allows for the use of a larger number of excitations (NEX), improves the signal-to-noise ratio, and further improves the accuracy of the parameter fitting. The IVIM-DWI technology based on the iShim-EPI sequence can provide more accurate information in cardiac imaging. In the present study, the application of multi-b-value DWI sequences in myocardial imaging was preliminarily explored, and the possibility of its clinical application in cardiac imaging was discussed, in order to provide reference for related studies.
Materials and methods

General information
A total of 12 healthy volunteers were enrolled into the present study. Among these subjects, 7 subjects were male and 5 subjects were female. The age of these subjects ranged within 23 to 53 years old, with an average age of 35.7 years old. The heart rates of these subjects were within 50 to 82 bpm, and their cardiac rhythms were roughly normal. Inclusion criteria: subjects without a history of cerebrovascular and pulmonary diseases, and the absence of cardiac muscle injury and fibrosis in these subjects were confirmed by contrast-enhanced magnetic resonance imaging (CE-MRI) examination. Exclusion criteria: patients with serious cardiovascular and cerebrovascular diseases, and other incompatible patients; patients who are unable to undergo a CE-MRI examination (including claustrophobia, or pacemaker or defibrillator in the body). This study was conducted in accordance with the declaration of Helsinki and approved by Ethics Committee of the hospital. All subjects provided a signed informed consent.
Instruments and scanning modes
A Siemens SKYRA 3.0T MRI scanner was used, which was equipped with a phased array surface coil and electrocardiogram (ECG)-gating technology. The movies of the cross section and coronal plane of the black blood sequence and multisections of the true fast imaging with steady-state precession (true FISP) sequence (4-chamber view and 2-chamber view of the left ventricle, long axis view of the left ventricle passing through the outflow tract of the left ventricle, and continuous 9 to 12 layers of the short axis view from the atrioventricular valve ring to the cardiac apex) were routinely acquired. All patients underwent a delayed enhanced sequence scan of the myocardium and multiple low-b-value DWI sequence scanning of the short axis of the heart. The b-values (a parameter of the diffusion sensitive gradient field) were 0, 20, 60, 100, 150, 200, and 600 second/mm 2 , respectively. The scanning parameters were as follows: frequency-coding field of view (FOV) was 306 mm, phase-coding FOV was 75%, repetition time (TR) was 2200 milliseconds, echo time (TE) was 67 milliseconds, the thickness of slice was 8 mm, the gap was 1.5 to 3.5 mm, and the NEX was 8.00. Local shimming and the ECG-gating system were used. Scanning while breath-holding was performed at the end of expiration.
Image analysis
The data acquired through the IVIM sequence were uploaded to the Syngo. via workstation by 2 senior physicians engaged in cardiovascular imaging diagnoses. The data were analyzed using the corresponding software package. With delayed-enhancement images as the reference, on the DWI (b = 120 second/mm 2 ) of the basal part and middle part of the short axis view, one region of interest (ROI) in the anterior, posterior and lateral walls of the ventricular septum was selected, respectively, and the pseudocolor images with the D-value, D * -value, and f-value were obtained. The parameters were expressed as mean ± standard deviation.
IVIM-DWI image grading criteria: grade I: the presence of serious deformed artifacts, serious loss of signal of the myocardium found in one or more of the b-value images, and quantitative measurement could not be carried out; grade II: local presence of a small number of artifacts, the myocardium of each b-value image is clear, and the measurement of the ROI is not affected; grade III: no artifact for interference, the myocardium of each b-value image is clear, and the outlines are clear and sharp. In the present study, the images of the 12 patients all met the criteria of grade II or III, and these could be measured.
Statistical analysis
Measurement data were expressed as mean ± standard deviation (x ± SD). The D-value, D * -value, and f-value of myocardium in different segments of the left ventricle were analyzed using analysis of variance. The data were analyzed using statistical software SPSS 19.0. P < .05 was considered statistically significant.
Results
Six original b-value DWI images on the short axis view of the left ventricle were acquired from each patient. When the b-value was 0 second/mm 2 , the blood flow signals of the heart cavity were hyperintense, and the signals of the myocardium were slightly hyperintense. As the b-value increased, the blood flow signal of the cardiac chambers decreased and gradually became nonsignal, and the signals of the myocardium also gradually decreased. When the b-value was 600 second/mm 2 , the signal of the myocardium was low (Fig. 1 A-F) , and the pseudocolor images of the D-value ( Fig. 2A) , D * -value (Fig. 2B) , and f-value (Fig. 2C) were obtained. The D-value, D * -value, and f-value of the ROI in each segment of the left ventricle on the IVIM image are presented in Tables 1-3. Statistical results revealed that the D-value, D * -value, and fvalue of the myocardium in each segment of the left ventricle were not exactly equal. Among these, the D-values of the myocardium in the 5th and 11th segment were lower than those in the 2nd, 3rd, 8th, and 9th segments, and the pairwise differences were statistically significant (P < .001). However, the difference in Dvalue between the 5th and 11th segments was not statistically significant (P = 1.000). The D * -values and f-values of the myocardium in the 5th and 11th segment were higher than those in 2nd, 3rd, 8th, and 9th segments, and the pairwise differences were statistically significant (P < .001). However, the differences in D * -value and f-value between the 5th and 11th segments was not statistically significant (P = .214, .787). [16, 17] The method can effectively segment the left ventricle, and the measurement of the image parameters has good reproducibility, and can overcome the noise in the cardiac magnetic resonance image and the influence of the surrounding tissue of the heart. It has good accuracy.
Discussion
DWI is the only imaging method that can observe the microcosmic motion of water molecules in living tissue, and is the most mature and important inspection approach among present functional MRI technologies. [5] [6] [7] However, traditional DWI technology does not distinguish the different modes of transportation of water molecules in tissues. Based on the IVIM theory, DWI imaging is performed at multiple b-values in a double exponential model, and the measured values of the corresponding voxels on different b-value images are fitted. Hence, the parameter diagram of the true diffusion coefficient
, and perfusion fraction (f) are acquired, which more accurately reflects the information of blood flow perfusion and water molecular diffusion in the myocardium. [8, 9] 
Selecting the b-value
The higher the b-value is, the more sensitive it is to the diffusion movement of water molecules, and the closer it is to the true diffusion movement of water molecules. Its main difficulty in applications to the heart is that the respiratory movement and heart pulsation lead to the distortion of the image, which affects the accuracy of the measurement, causing serious loss of signal. [10] [11] [12] [13] 18] With the development of MRI software and hardware, and the increase in compatibility of respiratory navigation technology, ECG-gating technology and DWI sequence, this difficulty has been gradually overcome. In the present study, the short axis view DWI image of the heart was used. Six low b-values within 0 to 200 second/mm 2 and one highest b-value of 600 second/mm 2 were chosen. The quality of the scanned images was relatively stable, and the parameter measurement in the ROI was also relatively reliable. The images of the screened 12 healthy volunteers reached grade II or III, no significant loss of signal of the myocardium was observed, and the outline of the myocardium was clear. The repeatability and clinical value of this approach are high in clinical applications. However, its further popularization requires a variety of in-depth studies.
Preliminary exploration of the characteristics of the Dvalue, D * -value, and f-value of the myocardium in the left ventricle
The different segments of the left ventricle are supplied with blood by the left coronary artery and circumflex branch of the left coronary artery, and the right coronary artery. Most Chinese people are right coronary artery-dominant type. Therefore, the anterior wall and anterior interventricular septum of the left ventricle are mainly supplied with blood by the anterior descending branch of the left coronary artery; the inferior wall and inferior septum of the left ventricle are mainly supplied with blood by the right coronary artery, and the lateral wall of the left ventricle is mainly supplied with blood by the circumflex branch. The left ventricle is presently studied through the commonly used "17-segment analysis method" in the international community. [19] [20] [21] Since the cardiac apex is relatively thin, on short axis DWI images, the anterior and lower wall easily produce slight artifacts, and the parameter values of the DWI images are greatly disturbed. Therefore, these were not included in the measurement indexes in the present study. In the present experiment, the parameters of the myocardium in the proximal and middle segments of the left ventricle were measured. The 2nd and 8th segments represent the blood supply of the anterior descending branch, the 3rd and 9th segments represent the blood supply of the right coronary artery, and the 5th and 11th segments represent the blood supply of the circumflex branch. [8, 22, 23] In the experiment, the D-value, D * -value, and f-value of the myocardium in different segments of the left ventricle were not exactly equal, and the differences between some myocardia were statistically significant. The D-value in myocardium in the 2nd, 8th and 3rd, 9th segments in left ventricle was higher than those in the 5th and 11th segments of the left ventricle. The differences in D-values of the blood supply between the anterior descending branch and circumflex branch, as well as between the right coronary artery and circumflex branch, were statistically significant. However, the difference in the D-value of the blood supply between the anterior descending branch and right coronary artery was not statistically significant. Furthermore, the D * -value and f-value were contrary to the D-value. The D * -value and f-value in the myocardium in the 2nd, 8th and 3rd, 9th segments in the left ventricle were lower than those in the 5th and 11th segments of the left ventricle. The differences in D * -value and f-value in the blood supply between the anterior descending branch and circumflex branch, as well as between the right coronary artery and circumflex branch, were statistically significant. However, the difference in D * -value in the blood supply between the anterior descending branch and right coronary artery was not statistically significant. Thus, the Dvalue, D * -value, and f-value obtained at multiple low-b-value DWI sequences in the present experiment may be correlated to the blood flow of cardiac perfusion. Studies have revealed that blood flow in the left coronary artery is generally greater than that in the right coronary artery, and blood flow in the left anterior descending branch is the largest, which is only slightly affected by the dominant type. Coronary artery dominant types are diverse in normal populations. However, most Chinese people are right dominant type, in which blood flow in the right coronary artery is often greater than that in the left circumflex branch. In the present experiment, the D-value of the blood supply area in the anterior descending branch and right coronary artery was higher than that of the left circumflex branch, while the D * -value and f-value of the blood supply area in the anterior descending branch and right coronary artery were lower than that of the left circumflex branch. This is similar to the results of other studies. However, the differences in parameters between the anterior descending branch and right coronary artery were not statistically significant. Therefore, this result has a certain value for indicating the different blood supplies and blood flow in the myocardium.
In the present study, a preliminary exploration of the application of the IVIM technique in the myocardium was performed, and parameter values such as the D-value, D * -value, and f-value were compared and analyzed. The results suggest that this has certain significance. However, the sample size was small. Future studies should expand the sample size, improve the imaging technology and improve the quality of the image, and further compare and analyze all segments of the myocardium, in order to investigate the relationship between myocardial perfusion and delayed enhancement. The IVIM scan of the myocardium does not require the use of contrast agents, and can suggest myocardial perfusion and diffusion information. Therefore, this technology would be of great value in the differential diagnosis of myocardial lesions, and its application prospect would very broad.
